A novel compact beam-reconfigurable patch antenna based on light control of no more than 30 mW optical powers is successfully demonstrated. It consists of one T-shape driven patch and one slot-etched parasitic patch. A silicon dice is employed as the photoconductive switch that is bridged across the slot center for optical control of reconfigurable beams. The antenna greatly reduces the total optical powers required for reconfigurable beams. Such design is based on the fact that the current phase change of the parasitic patch is sensitive to the conductivity of the silicon dice. A few conductivity changes of the silicon dice induced by the optical light can lead to a big phase change of the parasitic patch currents, eventually resulting in reconfigurable beams with low optical power requirement.
Introduction
With rapid development of intelligent wireless systems, reconfigurable antenna has received increasing attention due to its compact size, reconfigurable frequencies [1, 2] , changeable beams [3, 4] , and adaptive nulls [5] [6] [7] [8] . Recently, photoconductive switch becomes very popular for reconfigurable antennas due to free DC-bias networks, perfect isolation of the controlling circuits from the microwave signals, remote control, high-power handling, and fast switch action [9] [10] [11] [12] [13] [14] [15] .
Although the photoconductive switch has many attractive advantages, the drawback of high optical power requirement makes the optically reconfigurable antenna costly. Typically, more than 200 mW/mm 2 optical powers are required for a single microstrip photoconductive switch to achieve lower than 1 dB insert loss with isolations lower than 15 dB in Sband [16] . The total optical powers increase as illumination dimensions plus the number of the photoconductive switches utilized in the antennas [11, 15] . In [11] , a total of about 100 mW optical powers are required for two photoconductive switches. In [15] , a reconfigurable antenna of four siliconbased photoconductive switches needs about 2 W optical powers. This will inevitably increase the cost of the optically controlled antennas because high-power fiber laser sources are usually quite expensive.
In this paper, an attempt is made to design a reconfigurable antenna that can be optically controlled with low optical powers. Our method is based on the fact that the current phase of a slotted parasitic patch loaded with a photoconductive switch is sensitive to the conductivity of the silicon dice. A little change in the conductivity of the silicon dice induced by the light can lead to a big change of the current phase of the slotted parasitic patch. Thus, we can employ a few optical powers to activate the photoconductive switch to change the current phase of the parasitic patch. Another advantage of this method is that the attenuation caused by the photoconductive switch is very small. This is because the photoconductive switch under low power illumination operates in the state of high resistance and few currents pass through the switch. In [8] , we have reported the results but did not present the mechanism of this antenna. In this paper, we detail the principle of phase changes of the parasitic patch that is optically controlled by the fiber laser. With the proposed method, we successfully demonstrate a reconfigurable patch antenna with no more than 30 mW optical powers. This antenna greatly reduces the total optical Figure 1 shows the geometrical structure of the proposed antenna. It is designed to operate within the S-band. To reduce the antenna size, two patch elements are used. They are closely spaced to each other with an interval of = 6.5 mm, as shown in Figure 1(a) . The larger one with T-shape geometry acts as the driven element. This patch is electrically fed by a coaxial probe, located at the patch center in the -axis direction and a distance = 6 mm away from the outer edge of the patch in the -axis direction. The two lateral wings of the T-shape driven patch are designed to match the antenna for the same working band at different switch states (on and off). The driven patch has dimensions of = 48 mm, = 69 mm, = 22 mm, = 30 mm, and = 10.5 mm. The smaller square patch neighboring the T-shape driven patch serves as the passive parasitic element. It has a size of = 41.6 mm and = 41.6 mm with a slot ( = 28.5 mm and = 1.5 mm) etched in the patch center. A single switch is installed in the slot center by using silver epoxy. The antenna is fabricated on a single-sided FR4 substrate of dimensions 125 mm × 125 mm × 1 mm and mounted above a metal ground with a spacing of 4.46 mm, as shown in Figure 1(b) . The total size of the antenna is about 0.9 × 0.9 × 0.06 , where is the center wavelength at 2.2 GHz.
Antenna Design

Photoconductive Switch
The switch used in the proposed antenna is made of a 2 mm × 1 mm × 0.28 mm high-resistivity silicon dice with a dark resistivity of 3000 Ω⋅cm and a relative permittivity of = 11.9. In simulations, the photoconductive switch is modeled as an insulator in the state of no light. When the laser is turned on, the photoconductive switch is modeled as a conductive silicon dice of finite conductivity. The conductivity of the silicon dice is calculated with the formulas proposed in [17, 18] .
The switch behavior of the silicon dice is based on the photoconductive effects that the silicon conductivity increases under the illumination of light whose photon energy is higher than the silicon band gap value (1.1 eV). When the light is turned off, the silicon dice acts as an insulator. When the light is turned on, the silicon dice behaves like a lossy metal line whose conductivity increases as the incident optical power density. Increasing optical powers is an effective method to reduce the insertion loss. However, high optical powers not only require expensive laser sources but also result in many harmful nonlinear photoconductive effects [18] .
In order to reduce optical power, we explore the use of the high-resistivity states of the photoconductive switch to form reconfigurable beams. This method is based on the fact that the resonance of the switch-loaded parasitic patch is sensitive to the conductivity of the silicon dice. By numerical simulations of the isolated parasitic patch loaded with the photoconductive switch, we find that a little change of the conductivity of the silicon dice in the range of 0 S/m to 100 S/m can lead to a big change of the resonance of the parasitic patch, as shown in Figure 2 . Thus, we can employ low optical powers to activate the switch for reconfigurable beams.
Besides that, another benefit of this method is that the attenuation introduced by the switch can be neglected. This is because the switch acts like an insulator when it operates in high-resistivity states. Almost no currents pass through the switch. Most currents go through the sided metal edges of the slot.
Reconfigurable Beam Forming
The proposed antenna can be regarded as a two-element array. With the concept of the active element pattern (AEP) proposed in [19] , the E-plane radiation pattern of the antenna can be expressed by a sum of the AEPs of the driven patch and the parasitic patch as follows:
where ( ) and ( ) denote the AEPs of the driven patch and the parasitic element, respectively. Δ ( ) is the angledependent phase difference of ( ) relative to ( ). Δ is the phase difference of the current induced on the parasitic element relative to the current excited on the driven patch.
The parameter is the wave number, Δ is the center spacing of the two patches, and is the view angle from the -axis. Based on the array theory, the reconfigurable beams can be realized by changing the intensity of , or their phase difference Δ , or both of them. If we let | |/| | satisfy
and alter the phase difference Δ of the currents on the driven and parasitic patches, beam patterns with tunable null depth at the angle 0 can be achieved. In this paper, Δ is changed by the extra phase Δ of the currents introduced by the resonance shift of the switchloaded parasitic element. If we model the switch-loaded parasitic element with a LRC circuit, the extra phase Δ added to Δ can be estimated by
The above formula can be derived from the impedance formula of the RLC circuit
International Journal of Antennas and Propagation where , , and are the resistance, inductance, and capacitance of the equivalent circuit of the switch-loaded parasitic element, respectively. The symbol is the angular frequency of the signal, and = 1/√ is the resonance of the parasitic element. It can be found from (3) that a little shifting of from can lead to an extra phase Δ . Thus, tunable null depth can be achieved by dynamically adjusting the current phase of the parasitic element with the optical power.
Impedance Match in Different Switch States
In order to achieve good impedance match in different switch states, two lateral wings are added to the originally squared driven patch. This structure provides an effective way to control the impedance bandwidth of the proposed antenna by changing the wing length. Figure 3 depicts the impacts of the wing length on the resonances of the parasitic element and the driven patch. We see that the spacing between the resonating frequency ( ) of the parasitic element and that ( ) of the driven patch can be adjusted by tuning the wing length. By properly designing and , the antenna exhibits a broad bandwidth. We also find that the wing length can lower while keeping almost unchanged. This feature is very important for impedance match since it allows us to place close to by optimizing the wing length in the state of no light. As long as the increased resonance of the parasitic element caused by the optical power incident on the photoconductive switch does not exceed the maximum impedance bandwidth offered by the wing structure, the 4 International Journal of Antennas and Propagation antenna can achieve good impedance match in different switch states.
Simulated and Measured Results
Both simulations and measurements are performed to validate the proposed design. The simulations are carried out with Ansoft HFSS. The return losses of the antenna are measured with Agilent E8361A, and the radiation measurement is completed in an anechoic chamber. The antenna is controlled by a laboratory fiber-coupled continuous-wave semiconductor laser, which is packaged into a metal box, as shown in Figure 4 . The feeding fiber is installed above the photoconductive switch with a transparent Plexiglass holder of = 3.0. Figure 5 shows the measured and simulated return losses of the proposed antenna. A good agreement is achieved between simulations and measurements. It can be found that the proposed antenna has a 10 dB bandwidth of 190 MHz ranging from 2.10 GHz to 2.29 GHz in the state of no light illumination and a 10 dB bandwidth of 200 MHz ranging from 2.05 GHz to 2.25 GHz in the state of 50 mW optical powers incident on the switch. The proposed antenna exhibits approximately equal impedance bandwidth in different switch states, showing a good impedance match. By tuning the optical power from zero to 50 mW, the measured impedance bandwidth keeps almost unchanged. This feature is very essential in practical applications since most wireless systems require reconfigurable beams without changing the impedance bandwidth. Figure 6 (a) depicts the simulated radiation patterns of the proposed antenna in the E-plane obtained by using different silicon conductivity. Figure 6(b) shows the measured beams in the E-plane under different optical power illumination. As expected in the previous sections, tunable null depth is successfully achieved by controlling the optical powers incident on the photoconductive switch. In the state of no light, both simulations and measurements show that a null is generated but not the deepest one. This null generates from the initial phase difference between the parasitic element and the driven patch, caused by the mutual coupling effects. Since we need a fixed null away from the broadside direction, the fields radiated by the two patches should have equal intensity be out-of-phase. In the off state, we find that the currents of the two patches are not out-of-phase since the initial null is not the deepest one. To get the null deeper, we can activate the photoconductive switch with the optical powers to change the resonance of the parasitic element and introduce an extra current phase to the parasitic element. It can be seen from Figure 6 that the deepest null is obtained by increasing the silicon conductivity up to 4 S/m or by raising the optical powers up to about 1 mW. To further increase the conductivity or raise the incident optical powers, the null becomes shallow. Gradually, the null disappears at 50 S/m or nearby 30 mW optical powers. This is because the additional phase makes the current phase difference between the two patches exceed . With the proposed antenna, we find that, by switching the optical powers between 1 mW and 30 mW, the antenna can adaptively reconfigure its radiation beams with a deep null beam or a beam of no nulls for interference detection and suppression. This is an exciting result since the maximum optical powers required for the null depth tuning are no more than 30 mW. The measured gains of the proposed antenna are 6.8 dB@2.2 GHz by using 50 mW optical powers to activate the photoconductive switch, 5.5 dB@2.2 GHz by using 1 mW optical powers, and 5.5 dB@2.2 GHz without light illumination. The slight reduction of the gain in the last two states is because the null causes some increase of the side lobe level, which can be seen from Figures 6(a) and 6(b) . By removing the switch, the gain of the antenna is around 5.5 dB@2.2 GHz, showing that the losses caused by the photoconductive switch can be neglected. 
Conclusion
In this paper, we illustrate a design by using optically controlled method for reconfigurable beams with low optical power excitation. This design is implemented with a driven patch and a switch-loaded parasitic element. The single highresistivity photoconductive switch is loaded in the center of the slot that is etched in the parasitic element. The beamreconfigurable functionality relies on the fact that the current phase change of the parasitic patch is sensitive to the conductivity of the silicon dice. A few conductivity changes of the silicon dice induced by the optical light can lead to a big phase change of the parasitic patch currents, eventually resulting in reconfigurable beams with low optical power requirement. Both the simulated and measured results demonstrate that the developed antenna has good performance in reconfigurable-beam forming, feed impedance matching, and low optical power requirement. These advantages make the proposed antenna quite attractive for intelligent wireless applications such as interference detection and suppression, as well as target locating.
